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The exchange interaction determines the ferromagnetic (FM) or antiferromagnetic 
(AFM) ordering of atomic spins1. When ferromagnets and antiferromagnets are coupled 
together, they often exhibit the exchange bias effect2-5, a unidirectional interface 
exchange field causing a shift of the magnetic hysteresis loop. The effective magnitude 
of this interface exchange field is at most a few percent of the bulk exchange2, arising 
from pinned interfacial spins in the antiferromagnet4,5. The pinned spins are known to 
comprise a small fraction of the total number of interface spins5, yet their exact nature 
and physical origin has so far been elusive. Here we show that in the technologically 
important γIrMn3/CoFe structure the pinned interface spins are in fact delocalised over 
the whole interface layer. The pinned spins arise from the small imbalance of the 
number of spins in each magnetic sublattice in the antiferromagnet due to the natural 
atomic disorder. These pinned spins are strongly coupled to the bulk antiferromagnet 
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explaining their remarkable stability. Moreover, we find that the ferromagnet strongly 
distorts the interface spin structure of the antiferromagnet, causing a large reversible 
interface magnetisation that does not contribute to exchange bias. The unexpected 
delocalised nature of the pinned interface spins explains both their small number and 
their stability, uncovering the mysterious microscopic origin of the exchange bias effect. 
 
Macroscopically antiferromagnetic materials lack a magnetic moment, but their effect can be 
indirectly felt through the exchange bias effect2, first discovered in Co/CoO nanoparticles by 
Meiklejohn and Bean in 1956. The exchange bias effect occurs when a ferromagnet (FM) is 
coupled to an antiferromagnet (AFM), causing a shift of the magnetic hysteresis loop. The 
shift comes from a unidirectional interface exchange field caused by the exchange coupling 
of atomic spins at the interface. The puzzling observation of Meiklejohn and Bean was that 
the measured exchange bias field was three orders of magnitude less than the bulk exchange 
interactions of Co and CoO, indicated by their magnetic ordering temperatures of 1392 K and 
298 K respectively.2 This surprising observation has remained one of the outstanding 
problems in understanding the exchange bias effect, inspiring numerous theoretical models6-
10and experiments5,11 to explain the effect. Yet, identifying the interfacial pinned atomic spins 
responsible for exchange bias has so far proved elusive. 4,5,12 
 
The complexity of antiferromagnetic materials and their interfaces limits the applicability of 
simple approaches such as two sublattice antiferromagnets or micromagnetic models. To 
study the exchange bias effect we have developed an atomistic spin model of the 
antiferromagnet IrMn, considering localised atomic spin moments coupled with Heisenberg 
exchange13 (see methods summary). IrMn alloys are practically useful14 in compositions close 
to IrMn3, with a base face centred cubic (FCC) crystal structure which exists in either the 
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ordered L12 structure or disordered !-phase.  (see Extended Data Fig. 1). In IrMn alloys the 
local atomic ordering of Ir and Mn atoms has a dominant effect on the magnetocrystalline 
anisotropy in both L12 and !-phases. We therefore use the Néel pair anisotropy model15 to 
account for the local site-resolved magnetic anisotropy at the atomic level for any 
crystallographic structure in IrMn (see full methods).  
 
To verify our model we have simulated the antiferromagnetic properties of the ordered and 
disordered IrMn3 alloys for a single crystal bulk-like sample. Fig. 1(a) shows the simulated 
low temperature ground state magnetic structures where the ordered alloy forms a triangular 
(T1) spin structure with an angle of 120o between adjacent spins and the disordered alloy 
forms a tetrahedral (3Q) spin structure with 109.5o between spins in agreement with previous 
neutron scattering experiments16,17 and theoretical calculations18-20. Interestingly the 
simulations predict different Néel ordering temperatures for the ordered and disordered 
phases of 1005K and 688K respectively, shown in Fig. 1(b). The stark difference in the 
ordering temperature for the different phases of IrMn3 is surprising given the same 
composition and the same number of exchange bonds per Mn atom. The explanation lies in 
the different degrees of frustration for the different compositions. As an antiferromagnet, 
IrMn prefers a perfect anti-parallel alignment of Mn moments. Due to the lattice symmetry in 
the L12 and ! phases perfect 180 o alignment of spins is not possible, leading to a frustrated 
spin state with reduced symmetry. This intrinsic frustration leads to a natural reduction in the 
magnetic ordering temperature, again in close agreement with experimental values of 730 K21 
and 960K22 for ! and L12 phases respectively. 
 
To study the exchange bias effect, we couple the IrMn3 to a thin ferromagnetic layer of CoFe 
to form a bilayer with a [111] out of the plane orientation of the IrMn3 to reproduce the 
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structure used in typical devices. The direction of the exchange bias is set by simulated field 
cooling in a 10T field applied along the x-direction (see Extended Data Fig. 2). After cooling 
the field is removed and the system relaxes to an equilibrium spin state. For the disordered !-
IrMn3 the CoFe magnetisation tilts around 19o out of the plane due to imprinting from the 
underlying antiferromagnetic spin structure, its large magnetocrystalline anisotropy and 
tetrahedral symmetry with a small out of plane component. Taking the field-cooled ground 
state spin structure for our bilayer sample we simulate converged hysteresis loops to calculate 
the shift of the hysteresis loop and the exchange bias field (see Extended Data Fig. 3). Figure 
2(a) shows the simulated hysteresis loops comparing the ordered and disordered IrMn3 
phases. The magnetic field is applied along an axis parallel to the ferromagnet after 
equilibration to avoid spurious rotational effects. The loop for the disordered!!-IrMn3 /CoFe 
system shows an exchange field bias of 0.14 T, a value close to typical experimental 
measurements4,5. In stark contrast the perfectly ordered L12 IrMn3/CoFe system shows no 
exchange bias and very low coercivity with a completely symmetric loop. This raises the 
obvious question: how does the intrinsic ordering in the antiferromagnet determine the 
exchange bias?  
 
To address this question, we have analysed the hysteretic behaviour of the interfacial layer in 
the !-IrMn3 in contact with the CoFe layer, shown in Fig 2(b). The data show a clear 
hysteresis in the net magnetic moment of the interface layer which follows the hysteresis of 
the CoFe layer, having the same coercivity and loop shift. This hysteretic behaviour is 
characteristic of a large reversible component of the interfacial magnetization, in agreement 
with previous XMCD measurements5. However, the interface magnetization shows a small 
vertical shift not present in the CoFe loop coming from a change in the magnitude of the 
interfacial magnetization, shown in Fig. 2(c). The change in the magnitude of the interface 
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magnetic moment arises due to an irreversible component which is aligned along the bias 
direction during the hysteresis cycle. This irreversible component made up of pinned 
interfacial spins is therefore responsible for the exchange bias.  
 
To find the origin of the pinned interfacial spins we have visualised the spin structure of the 
interface layer in the !-IrMn3 layer in direct contact with the ferromagnet, shown in Fig. 2(d). 
During the hysteresis loop each of the interfacial spins moves only slightly, amounting to a 
small distortion of the interfacial spin structure. This observation shows that the reversible 
spins come from a net change in the total interfacial moment rather than the local reversal of 
individual spins. The strong exchange coupling between the spins stabilises the overall spin 
structure preventing a large angular change for individual spins. In a similar way the pinned 
interface spins are not actually pinned local spins, but arise from the net irreversible interface 
moment in the AFM. Due to the random distribution of the Ir atoms and finite size of the 
interface, each sublattice naturally contains a different number of Mn atoms. It is this 
statistical imbalance in the number of spins in each sublattice that leads to a net pinned 
interfacial moment in the AFM. This net imbalance of spins in each sublattice causes the 
exchange bias, since the sublattice with the largest number of spins will couple most strongly 
to the ferromagnet.  
 
To test this idea, we can predict the magnitude and approximate direction of the exchange 
bias by determining the imbalance in the number of spins and their vector summation. For the 
same interface structure we find a net imbalance of 6.63 spins over the interface, amounting 
to about 0.9% of all spins (see Extended Data Fig. 4). This small imbalance, combined with a 
large exchange interaction, predicts an exchange bias field of 0.15 T close to the numerical 
simulation of 0.14 T. The agreement of the simple geometric prediction and the simulated 
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exchange bias field suggests that the exchange bias field should scale linearly with the 
number of interface spins (see Extended Data Fig. 5) and the strength of the interlayer 
exchange coupling (see Extended Data Fig. 6). Surprisingly however we find a saturating 
behaviour. As the exchange energy is increased the stronger coupling between the CoFe and 
IrMn3 layers leads to a larger reversible interfacial moment which causes larger distortions of 
the interface spin structure during the hysteresis loop (see Extended Data Fig. 7). As the 
pinned spins are delocalised over the interface the distortions in the interface spin structure 
decreases the number of irreversible spins causing the exchange bias to saturate with 
increasing interfacial exchange coupling. We can now say that the pinned interfacial spins are 
not anywhere in particular but delocalised over the interface due to the intrinsic disorder in 
the !-IrMn3 structure. It is now clear why perfectly ordered L12-IrMn3 exhibits no exchange 
bias, as there are the same number of spins in each sublattice leading to zero imbalanced 
spins and no irreversible interfacial moment (see Extended Data Fig. 8).  
 
An important aspect of exchange bias is the role of thermal spin fluctuations and the stability 
of the pinned interfacial spins. We have simulated hysteresis loops at different temperatures, 
systematically investigating the temperature dependence of the exchange bias field, shown in 
Fig. 3(a,b). At room temperature the loops show a reduced exchange bias but still 40% of the 
0 K value, demonstrating the high thermal stability of the pinned interfacial spins. Above 
450K the AFM loses its directional order due to the small grain size and finite magnetic 
anisotropy. This causes the orientation of the AFM sublattice moments to fluctuate randomly 
in space, as seen from the field cooling simulation in Fig. 3(c). The simultaneous loss of 
exchange bias and directional order in the bulk of the AFM shows that the delocalised pinned 
spins take the order from the bulk of the AFM, explaining their remarkable stability despite 
the small effective size. 
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To conclude, the elusive origin of the pinned interfacial spins responsible for exchange bias 
has been attributed to a delocalised statistical imbalance in the number of magnetic atoms in 
each sublattice. Our results raise important questions on the role of interfacial defects, 
composition and ordering in the exchange bias effect. The link between exchange bias and 
the specific nature of the interface and underlying spin structure of the antiferromagnet is 
important for all materials exhibiting exchange bias, including Co/CoO first discovered by  
Meiklejohn and Bean. This raises the exciting prospect of developing a universal 
understanding of exchange bias 60 years after its discovery.  
 
Methods Summary 
The simulations were performed using an atomistic spin model13 with the vampire software 
package13. The energetics of the IrMn3 layer is described by a spin Hamiltonian with 
Heisenberg exchange including nearest (AFM coupled) and next nearest neighbours (FM 
coupled). The magnetic anisotropy for IrMn3 was calculated using the Néel pair anisotropy 
model22 taking into account the effect of local atomic ordering on the local anisotropy energy. 
The CoFe is simulated with a nearest neighbour approximation and a weak in-plane  
anisotropy to simulate the effects of  the demagnetizing field of a thin film. Equilibrium 
properties of the bulk IrMn3 were calculated with a Monte Carlo metropolis algorithm with 
combinational trial moves13. Spin dynamics simulations were done solving the stochastic 
Landau-Lifshitz-Gilbert equation with a Heun numerical scheme. The hysteresis loops are 
simulated with critical damping (! = 1) and a field rate of 0.33 T/ns to ensure a converged 
loop (See Extended Data Fig. 3). 
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Figure 1 | Simulated ground state magnetic structures and temperature dependent ordering for the 
ordered and disordered phases of IrMn3 showing triangular and tetrahedral order respectively. (a) The 
ground state structures are obtained by simulated zero-field cooling for the ordered L12 and disordered !-IrMn3 
phases showing triangular (T1) and tetrahedral (3Q) spin order respectively. (b) Simulated temperature 
dependent sublattice magnetizations for the different phases of IrMn3. Lines show fits to the sublattice 
magnetization ! !  given by !(!) = (1 − !/!!!)!, where T is the temperature, TN is the Néel (ordering) 
temperature, and !!~ !1 3 is the magnetisation critical exponent. The ordered phase has a Néel temperature of 
1005 K, while the disordered phase has a significantly reduced Néel temperature of 688 K arising from 
increased magnetic frustration in the disordered phase.  The spin ordering in the disordered phase is only partial 
at low temperatures, indicating the presence of intrinsic spin disorder. 
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Figure 2 | The interfacial origin of exchange bias through reversible and irreversible delocalized spins. (a) 
Simulated hysteresis loops at T = 0K for the CoFe/IrMn system with ordered and disordered IrMn3 phases. The 
disordered phase exhibits a classic shift of the loop due to the exchange bias effect, while the ordered phase has 
no shift and a preferential perpendicular orientation of the CoFe layer. (b) Behaviour of the components of the 
net magnetic moment in the interfacial layer of !-IrMn3 showing hysteretic behaviour of the interfacial moment 
which follows the CoFe magnetization, indicating a large reversible component of the magnetization. The loop 
is vertically shifted showing a change in the magnitude of the interfacial IrMn3 moment during the hysteresis 
cycle (c), indicating the irreversible spins nIR contributing to the exchange bias field. (d) A visualization of the 
interfacial spins in IrMn3 at negative saturation. Arrows indicate spin positions at negative saturation, thin bars 
indicate the starting positions at positive saturation and the colour scale shows the angular change. The small 
angular deviation of individual spins demonstrates the delocalised nature of the reversible and irreversible spins. 
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Figure 3 | Temperature dependence of the exchange bias arising from thermal spin fluctuations. (a) 
Simulated hysteresis loop at 300K. This is averaged over ten simulations of the same system and shows 
exchange bias of approximately 40% of the 0K value. It also shows an increase in noise due to the thermal spin 
fluctuations. (b) The temperature dependence of the exchange bias field; the exchange bias decreases with 
increasing and at a temperature of 450K the exchange bias vanishes.  (c) The thermal fluctuations of the bulk 
AFM magnetisation in the direction of the applied field throughout a field cool simulation. This shows that the 
magnetisation of the bulk is thermally stable until about 450K, which is the blocking temperature (TB) of our 
model AFM. This temperature corresponds to that at which the exchange bias is lost. This is because the pinned 
spins responsible for exchange bias are delocalised and strongly coupled to the bulk AFM.  The transition to 
superparamagnetic behaviour of the AFM and consequent loss of thermal stability is responsible for the 
disappearance of the exchange bias. 
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Full Methods 
The simulations were carried out using an atomistic spin model with a Heisenberg spin 
Hamiltonian (!) of the form13 
! = !− !!"!! ∙ !!!!! + ! !"# !− ! !!!! ∙!!""!!!  
where !! is a unit vector representing the local spin direction at site i, !!" is the exchange 
constant between interacting spins !! and !!, !! is the spin moment at site i and !!"" is the 
externally applied field. !!"# represents the local anisotropy at each site with a different 
form for IrMn and FeCo. 
CoFe is represented by an FCC crystal structure with average properties of the two elements 
with effective spin moment !! = 2.5!!!. The exchange interactions !!" = 5.6!×10!!"!J/link 
are assumed to be truncated at the nearest neighbour distance. The amorphous nature of CoFe 
experimentally leads to a very low intrinsic anisotropy, and so in thin film devices the shape 
anisotropy dominates. We represent this by applying an in-plane anisotropy of the form 
!!"# = !−!!! (!!! ∙ !)!!  
where !! = 10!!" J/atom is the uniaxial anisotropy constant and ! is a unit vector along the 
easy axis direction.  
IrMn is modelled assuming Mn atoms are magnetic with effective spin moment !! =2.6!!! !and Ir atoms are non-magnetic but with strong spin orbit coupling to the Mn atoms 
providing high magnetic anisotropy to the Mn sites. The exchange interactions are 
approximated as nearest neighbour !!"! = !−6.4!×!10!!" J/link and next nearest 
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neighbour!!!"! = !+5.1!×!10!!" J/link interactions (!!! − !! model), where the nearest 
neighbour interactions are antiferromagnetic and the next nearest neighbours are 
ferromagnetic as found from an-initio calculations18. The base crystal structure is modelled as 
FCC where the Ir sites are removed from the structure randomly in the case of disordered 
IrMn3 and on a single site in the unit cell for ordered IrMn3. The placement of Ir atoms 
induces a local anisotropy on neighbouring Mn sites due to the change in symmetry. We 
simulate this effect using the Néel pair anisotropy model15 within the bulk structure which is 
given by    
!!"# = !− !ℒ(!!")2 (!! ∙ !!")!!!!!  
where !!" is the unit vector connecting nearest neighbouring atoms!! and !, ! is the number of 
nearest neighbours and  ℒ !!" = !ℒ !! = !4.22!×!10!!! J is the magnetoelastic anisotropy 
constant truncated to nearest neighbours and taken from first principles calculations18. The 
pair anisotropy sum gives a local site anisotropy depending on its particular local 
environment and gives quantitative agreement with the anisotropy of ordered IrMn3 derived 
from first principles18. In the case of disordered IrMn the effective anisotropy is more 
complex due to the variety of local atomic environments. The equilibrium properties of IrMn3 
alloys were calculated for a 8 x 8 x 8 nm system with periodic boundary conditions and a 
[100] orientation. The exchange bias calculations were done with a 8 x 8 x 8 nm single grain 
bilayer comprised of a 4 nm thick [111] oriented layer of IrMn3 and 4 nm thick CoFe layer as 
shown in Extended Data Fig. 2(a). The bilayer was studied with both the L12 and !-phases of 
IrMn3. The exchange interaction between the CoFe and IrMn layers is treated as a free 
parameter but guided by first principles calculations23 to be in the range 1− 5!×10!!" J/link 
comparable to 20% - 100% of the bulk exchange of CoFe. 
 16 
The equilibrium properties of IrMn3 were determined with a metropolis Monte Carlo 
method13. The dynamic magnetic properties, field cooling simulations and hysteresis loops 
were calculated using atomistic spin dynamics by solution of the stochastic Landau–Lifshitz-
Gilbert equation13 given by 
!!!!" = !− !(1+ !!!) !! !×! !"" + !!!!!× !! !×! !""  
 where!! = 1 is the Gilbert damping constant and ! = 1.76!×10!! T-1s-1 is the absolute value 
of the gyromagnetic ratio. The effective field !!""!is calculated from the derivative of the spin 
Hamiltonian with respect to the local spin moment  
!!"" = !− ! 1!! !!ℋ!!! +!!"!  
with the addition of a Langevin thermal field term given by  
!!"! = !! ! 2!!!!!!!Δ!  
where ! !  is a time dependent three dimensional Gaussian. The LLG equation is integrated 
using a second order predictor corrector Heun scheme.  
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Extended Data Figures 
 
Extended Data Figure 1 | The crystallographic structure and composition of [111] IrMn3 alloys. (a) The 
crystallographic structure of IrMn3, the four magnetic sublattices are highlighted in different colours to show the 
magnetic structure of the crystal. Each tetrahedron contains one atom from each sublattice therefore containing 
all the magnetic information of the crystal.  (b) Schematic representation of Ordered L12 - IrMn3 the Ir atoms are 
in the same sublattice so one magnetic sublattice is completely Ir and the other three are Mn. (c) Schematic 
representation of disordered !- IrMn3 the Ir atoms are distributed randomly between the four sublattices. So each 
sublattice is approximately 25% Ir. 
a b
c
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Extended Data Figure 2 | The simulation set up and procedure for finding exchange bias. (a) A schematic 
diagram showing a section the CoFe/IrMn bilayer, the total system size is 8nm3. (b) The magnetisation against 
temperature curve for each AFM sublattice throughout the field-cooling step. AFM's are magnetically neutral 
therefore no information can be found by looking at the bulk magnetisation of the AFM, instead the 
magnetisation of the individual sublattices is calculated. All four sublattices show the same cooling behaviour, 
therefore the magnetisation of the AFM is the average magnetisation of the four sublattices. (c) During the 
equilibration step the FM relaxes to its minimum energy position, as there is no applied field, the minimum 
energy occurs when the FM aligns with the interface moment of the AFM. This causes the FM to cant away 
from the applied field direction, in this case canting about 19o from the film plane. (d) The total interface 
moment of the AFM throughout the equilibration. Initially the interface moment is aligned along the direction of 
the applied field as it is coupled to the FM but when the field is removed the magnetisation cants towards the 
minimum energy direction as shown in (c) caused by the underlying structure of the AFM.  
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Extended Data Figure 3 | Convergence of hysteresis loops for different field rates. The magnetization takes 
a finite time to equilibrate to the minimum energy configuration at each point on the hysteresis loop. If the field 
rate is too fast then the hysteresis loop exhibits an increase in the coercivity. The coercivity reaches an 
asymptotic value at around 0.33T/ns therefore this value was used for all subsequent simulations. 
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Extended Data Figure 4 | 111 ground state structure of !-IrMn3 explaining the origin of the 
uncompensated spins. A diagram showing the magnetisation directions of each sublattice.  Exchange bias 
occurs due to the statistical imbalance of the number of spins in each sublattice. Table 1 describes how this is 
calculated and concludes that in this case there is an imbalance of 6.63 spins pointing along the direction of 
sublattice 3 than the other 3 sublattices. 
Sublattice  
(s) 
Number of atoms 
(Ns) 
Magnetisation vector 
(ms) 
Magnetisation length 
(Ms) 
1 189 (-0.45, -0.81,-0.35) 0.92 
2 191 (-0.46,0.85,0.24) 0.91 
3 204 (0.92,-0.08,-0.38) 0.90 
4 197 (-0.016,-0.013,0.99) 0.89 
 
Extended Data Table 1 |  How the exchange bias is predicted from the crystallography. The table shows 
the number of atoms in each magnetic sublattice and the magnetisation direction and length. The number of 
uncompensated spins is calculated as the vector summation of the number of atoms in each sublattice with the 
direction of each sublattice  !!" = ! !!.!! .!!! . In this case this gives the vector (6.15, 2.45, -0.19) with a 
magnitude !!" = 6.63.  This imbalance is caused by there being an average of 10 atoms more in sublattice 3 
than in the other 3 sublattices, while the magnitude is reduced due to sublattice disorder arising from local spin 
frustration. 
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Extended Data Figure 5 | Hysteresis loops showing the effect of the number of uncompensated spins. The 
interfaces have (a) 5 (b) 7 (c) 8 and (d) 10 uncompensated interface spins. Hp is the predicted exchange bias 
from the number of interface spins and HS is the simulated exchange bias calculated from the hysteresis loops. 
The predictions increase with the number of uncompensated spins, while the simulated exchange bias saturates 
due to the effects of the exchange on the interfacial spin structure of the antiferromagnet. 
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Extended Data Figure 6 | Hysteresis loops for varying interface coupling strengths. The increase in 
interface coupling from 1x10-21J/link to 5x10-21J/link causes an increase in the coercivity and an initial increase 
in the exchange bias field but this saturates at higher exchange values. 
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Extended Data Figure 7 | Effect of the interface coupling on the interface spin structure.  The change in 
interface structure for a small cross section of the interface for different exchange coupling constants. This 
shows a cross section at the negative saturation point with the colour representing the change in spin angle from 
positive saturation. An increase in the interface exchange coupling causes the structure of the AFM at the 
interface to become distorted, meaning the interfacial field at the interface which causes exchange bias is 
destroyed causing a net decrease in the exchange bias.  
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Extended Data Figure 8 | Interface spin structure for an ordered IrMn3 – CoFe bilayer. The hysteresis 
loop for an ordered IrMn3/CoFe bilayer exhibits no exchange bias as shown in Figure 1(a).  This is due to the 
completely compensated moment at the interface of the AFM causing zero net interface moment. The colours 
represent the three sublattices as in Figure 1 and the grey spheres are the Iridium atoms.  
 
